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WIRELESS FUEL SENSOR SYSTEM

BACKGROUND INFORMATION

1. Field

The present disclosure relates generally to aircraft and, in
particular, to sensor systems in aircraft. Still more particu-
larly, the present disclosure relates to a method and apparatus
for a wireless sensor system for measuring fuel quantity in a
fuel tank of an aircraft.

2. Background

In operating an aircraft, various types of information about
the aircraft and the environment around the aircraft is identi-
fied. This information may include, for example, airspeed,
cabin temperature, temperature outside of the aircraft, humid-
ity, air pressure, fuel level, engine temperature, the configu-
ration of control surfaces, and other suitable types of infor-
mation. This information may be identified using sensor
systems in the aircraft.

Currently, sensors are often connected to other equipment
through wires and cables. For example, wires may be located
in the wing of an aircraft. These wires may extend from
portions of the sensor system located in the fuselage of the
aircraft to sensors in fuel tanks or other locations in the wing
of the aircraft. Additionally, other equipment also may be
located in the fuel tank or wing to facilitate making measure-
ments and generating sensor data.

In manufacturing aircraft, routing wires may take longer
than desired to install sensors in the fuel tank. Additionally,
use of wires and other equipment associated with the wires
also may add additional weight to the aircraft. For example,
additional structures may be needed to provide for a desired
routing and separation of wires to reduce arcing or discharge
that may occur from environmental effects. These environ-
mental effects may include electromagnetic events such as
lightning or static electricity.

Further, the use of wires also may result in the forming of
openings in the fuel tank to route the wires to sensors in the
fuel tank. The formation and location of these openings may
take more time and expense than desired during the installa-
tion of the sensors in the fuel tank of the aircraft. As a result,
the increased time and expense involved in installing these
components may increase the manufacturing time for the
aircraft more than desired. Additionally, the cost of the air-
craft also may be greater than desired.

Further, the wires and number of openings for the wires
may also result in more maintenance than desired while the
aircraft is in use. For example, additional inspections may be
performed on the seals for the openings and the integrity of
the wires. Also, wires and seals may require replacement at
times during the life of the aircraft. Consequently, the time
and cost of maintenance also may be greater than desired.

Therefore, it would be desirable to have a method and
apparatus that take into account at least some of the issues
discussed above, as well as other possible issues.

SUMMARY

In one illustrative embodiment, an apparatus comprises a
sensor collector configured to send a number of wireless
power signals to a group of sensor units. The sensor controller
is further configured to send a number of wireless data col-
lection signals to the group of sensor units after the number of
wireless power signals have been sent to the group of sensor
units. The sensor collector is still further configured to receive
sensor data in a number of wireless response signals from the
group of sensor units.
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In another illustrative embodiment, an aircraft fuel sensor
system comprises a group of sensor units, a wireless system,
and a sensor controller. The group of sensor units is located in
a fuel tank of an aircraft. The wireless system is configured to
send a number of wireless power signals and a number of
wireless data collection signals to the group of sensor units
under a control of the sensor controller and receive sensor
data in a number of wireless response signals sent from the
group of sensor units. The sensor controller is configured to
cause the wireless system to send the number of wireless
power signals to the group of sensor units. The sensor con-
troller is further configured to cause the wireless system to
send the number of wireless data collection signals to the
group of sensor units after the number of wireless power
signals have been sent to the group of sensor units. The sensor
controller is still further configured to receive sensor data
transmitted wirelessly in the number of wireless response
signals from the wireless system.

In yet another illustrative embodiment, a sensor system
comprises a sensor, an antenna system, an energy harvesting
device, and a controller. The antenna system is physically
connected to the sensor. The antenna system is configured to
send and receive wireless signals. The energy harvesting
device is configured to derive energy from the wireless sig-
nals received. The controller is configured to control the
sensor to make a measurement, save the measurement as
sensor data, and send the sensor data in the wireless signals.

In another illustrative embodiment, a method for generat-
ing sensor data is presented. A number of wireless power
signals is sent to a group of sensor units. A number of wireless
data collection signals is sent to the group of sensor units after
the number of wireless power signals have been sent to the
group of sensor units. The sensor data in a number of wireless
response signals is received from the group of sensor units.

In still another illustrative embodiment, a method for gen-
erating sensor data is presented. A number of wireless power
signals are received at a sensor unit. A number of measure-
ments is made using a sensor at the sensor unit after receiving
the number of wireless power signals. The number of mea-
surements is stored as the sensor data. The sensor data is
transmitted in a number of wireless sensor data signals when
a number of wireless data collection signals are received.

The features and functions can be achieved independently
in various embodiments of the present disclosure or may be
combined in yet other embodiments in which further details
can be seen with reference to the following description and
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The novel features believed characteristic of the illustrative
embodiments are set forth in the appended claims. The illus-
trative embodiments, however, as well as a preferred mode of
use, further objectives and features thereof, will best be
understood by reference to the following detailed description
of an illustrative embodiment of the present disclosure when
read in conjunction with the accompanying drawings,
wherein:

FIG. 1 is an illustration of an aircraft in accordance with an
illustrative embodiment;

FIG. 2 is an illustration of a block diagram of a monitoring
environment in accordance with an illustrative embodiment;

FIG. 3 is an illustration of a block diagram of a wireless
system in accordance with an illustrative embodiment;

FIG. 4 is an illustration of a block diagram of a sensor unit
in accordance with an illustrative embodiment;
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FIG. 5 is an illustration of states for a sensor system used to
generate sensor data in accordance with an illustrative
embodiment;

FIG. 6 is an illustration of a sensor system in accordance
with an illustrative embodiment;

FIG. 7 is another illustration of a sensor system in accor-
dance with an illustrative embodiment;

FIG. 8 is another illustration of a sensor system in accor-
dance with an illustrative embodiment;

FIG. 9 is yet another illustration of a sensor system in
accordance with an illustrative embodiment;

FIG. 10 is an illustration of a timing diagram in accordance
with an illustrative embodiment;

FIG. 11 is an illustration of a block diagram of a sensor unit
in accordance with an illustrative embodiment;

FIG. 12 is an illustration of a block diagram of an electric
circuit in accordance with an illustrative embodiment;

FIG. 13 is another illustration of a block diagram of an
electric circuit in accordance with an illustrative embodi-
ment;

FIG. 14 is an illustration of a sensor unit in accordance with
an illustrative embodiment;

FIG. 15 is another illustration of a sensor unit in accor-
dance with an illustrative embodiment;

FIG. 16 is another illustration of a sensor unit in accor-
dance with an illustrative embodiment;

FIG. 17 is yet another illustration of a sensor unit in accor-
dance with an illustrative embodiment;

FIG. 18 is yet another illustration of a sensor unit in accor-
dance with an illustrative embodiment;

FIG. 19 is still another illustration of a sensor unit in
accordance with an illustrative embodiment;

FIG. 20 is an illustration of a flowchart of a process for
generating sensor data in accordance with an illustrative
embodiment;

FIG. 21 is an illustration of a flowchart of a process for
sending wireless data collection signals in accordance with an
illustrative embodiment;

FIG. 22 is an illustration of a block diagram of a data
processing system in accordance with an illustrative embodi-
ment;

FIG. 23 is an illustration of an aircraft manufacturing and
service method in the form of a block diagram in accordance
with an illustrative embodiment; and

FIG. 24 is an illustration of an aircraft in the form of ablock
diagram in which an illustrative embodiment may be imple-
mented.

DETAILED DESCRIPTION

The illustrative embodiments recognize and take into
account that the use of wireless sensors may be employed to
reduce issues that arise from the use of wires in an aircraft,
such as those that may extend through a wing to fuel tanks and
aircraft. For example, by reducing or eliminating the use of
wires for sensors in fuel tanks, the weight may be reduced in
an aircraft to increase the performance of the aircraft. For
example, an increase in range, maneuverability, and other
types of performance for the aircraft may occur. Further, the
amount of time needed to install sensors in fuel tanks for an
aircraft also may be reduced.

The illustrative embodiments recognize and take into
account that currently, wireless sensors used in fuel tanks may
take the form of capacitive probes. A capacitive probe may
measure the level of fuel in a fuel tank.

The illustrative embodiments provide a method and appa-
ratus for generating sensor data. For example, an apparatus

10

15

20

25

30

35

40

45

50

55

60

65

4

may include a sensor controller. The sensor controller is con-
figured to send a number of wireless power signals to a group
of sensor units. The wireless controller is configured to send
a number of wireless data collection signals to the group of
sensor units after the number of wireless power signals have
been sent the group of sensor units. The sensor controller is
also configured to receive sensor data transmitted wirelessly
in a number of wireless response signals from the group of
sensor units.

With reference now to the figures, and in particular, with
reference to FIG. 1, an illustration of an aircratt is depicted in
accordance with an illustrative embodiment. In this illustra-
tive example, aircraft 100 has wing 102 and wing 104
attached to body 106. Aircraft 100 includes engine 108
attached to wing 102 and engine 110 attached to wing 104.

Body 106 has nose section 112 and tail section 114. Hori-
zontal stabilizer 116, horizontal stabilizer 118, and vertical
stabilizer 120 are attached to tail section 114 of body 106.

Aircraft 100 is an example of an aircraft in which a sensor
system may be implemented in accordance with an illustra-
tive embodiment. In this illustrative example, a sensor system
may be implemented in aircraft 100 to monitor at least one of
aircraft 100 or the environment around aircraft 100.

Asused herein, the phrase “at least one of,” when used with
alist ofitems, means different combinations of one or more of
the listed items may be used and only one of each item in the
list may be needed. For example, “atleast one of item A, item
B, or item C” may include, without limitation, item A, item A
and item B, or item B. This example also may include item A,
item B, and item C or item B and item C. Of course, any
combinations of these items may be present. In other
examples, “at least one of” may be, for example, without
limitation, two of item A, one of item B, and ten of item C;
four of item B and seven of item C; and other suitable com-
binations. The item may be a particular object, thing, or a
category. In other words, at least one of means any combina-
tion of items and number of items may be used from the list
but not all of the items in the list are required.

In this illustrative example, fuel tank 124 and fuel tank 126
are examples of parts of aircraft 100 that may be monitored by
the sensor system. In particular, the sensor system may moni-
tor the fuel level as well as other information about fuel tank
124 and fuel tank 126. In this manner, the sensor system may
be an aircraft fuel sensor system in this illustrative example.

Turning now to FIG. 2, an illustration of a block diagram of
a monitoring environment is depicted in accordance with an
illustrative embodiment. In this illustrative example, moni-
toring environment 200 includes sensor system 202 that is
configured to generate sensor data 204 about aircraft 206.
Aircraft 100 in FIG. 1 is an example of one manner in which
aircraft 206 shown in block form may be implemented.

As depicted, sensor system 202 is physically associated
with aircraft 206. When one component is “physically asso-
ciated” with another component, the association is a physical
association in the depicted examples. For example, a first
component, such as sensor system 202, may be considered to
be physically associated with a second component, such as
aircraft 206, by being secured to the second component,
bonded to the second component, mounted to the second
component, welded to the second component, fastened to the
second component, and/or connected to the second compo-
nent in some other suitable manner. The first component also
may be connected to the second component using a third
component. The first component may also be considered to be
physically associated with the second component by being
formed as part of the second component, extension of the
second component, or both.
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In the illustrative example, sensor system 202 includes a
number of components used to generate sensor data 204. As
depicted, sensor system 202 includes sensor controller 208,
wireless system 210, and sensor units 212.

Sensor controller 208 is configured to control the genera-
tion of sensor data 204 by sensor units 212. As depicted,
sensor controller 208 may be implemented in software, hard-
ware, firmware or a combination thereof. When software is
used, the operations performed by sensor controller 208 may
be implemented in program code configured to run on a
processor unit. When firmware is used, the operations per-
formed by sensor controller 208 may be implemented in
program code and data and stored in persistent memory to run
on a processor unit. When hardware is employed, the hard-
ware may include circuits that operate to perform the opera-
tions in sensor controller 208.

In the illustrative examples, the hardware may take the
form of a circuit system, an integrated circuit, an application
specific integrated circuit (ASIC), a programmable logic
device, or some other suitable type of hardware configured to
perform a number of operations. With a programmable logic
device, the device may be configured to perform the number
of operations. The device may be reconfigured at a later time
or may be permanently configured to perform the number of
operations. Examples of programmable logic devices
include, for example, a programmable logic array, a program-
mable array logic, a field programmable logic array, a field
programmable gate array, and other suitable hardware
devices. Additionally, the processes may be implemented in
organic components integrated with inorganic components
and/or may be comprised entirely of organic components
excluding a human being. For example, the processes may be
implemented as circuits in organic semiconductors.

Wireless system 210 is a hardware system and configured
to facilitate the transmission of wireless signals 214. In the
illustrative examples, wireless signals 214 are described with
respectto radio frequency signals. Of course, wireless signals
214 may take other forms in addition to or in place or radio
frequency signals. For example, wireless signals 214 may be
at least one of radio frequency signals, optical signals, infra-
red signals, or other suitable types of wireless signals.

Wireless system 210 may have a suitable architecture or
arrangement. For example, wireless system 210 may be a
wireless network.

As depicted, wireless system 210 is configured to transmit
a number of wireless power signals 216 and a number of
wireless data collection signals 218 to the group of sensor
units 212 under a control of sensor controller 208 and receive
sensor data 204 transmitted wirelessly from the group of
sensor units 212 in anumber of wireless response signals 220.
These signals are only examples of wireless signals 214 and
not meant to be exhaustive examples of wireless signals 214.

Asused herein, a “number of,” when used with reference to
items, means one or more items. For example, a number of
wireless power signals 216 is one or more wireless power
signals in wireless power signals 216. In a similar fashion, a
“group,” when used with reference to items, also means one
or more items.

As depicted, sensor units 212 are in locations 222 in or on
aircraft 206. In one illustrative and non-limiting example, the
group of sensor units 212 may be located in fuel tank 224 in
locations 222.

In the illustrative example, the group of sensor units 212
derives energy to operate from the number of wireless power
signals 216. In other words, the number of wireless power
signals 216 provides power by transferring energy to the
group of sensor units 212 in a wireless fashion. In the illus-
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trative example, the number of wireless power signals 216
may be unmodulated. In other words, information, such as
commands or data, is not included within wireless power
signals 216.

As depicted, one wireless power signal in the number of
wireless power signals 216 may be sufficient to provide
energy to the group of sensor units 212. In particular, the
energy is electrical energy.

In some examples, one or more additional wireless power
signals in the number of wireless power signals 216 may be
used to provide power for one or more of sensor units 212 in
the group of sensor units 212. In this case, the use of multiple
wireless power signals may be in the form of plurality of
sequential wireless power signals in the number of wireless
power signals 216. The use of multiple wireless signals may
be referred to as a trickle charging process for the group of
sensor units 212. With the use of multiple wireless power
signals, the signals may be sent at lower levels and may
shorten in duration.

Further, in some cases, one sensor unit in the group of
sensor units 212 may be powered using a single wireless
power signal in the number of wireless power signals 216,
while another sensor unit in the group of sensor units 212 may
be powered using multiple wireless signals in the number of
wireless power signals 216. In other words, the transmission
of'wireless power signals 216 may be mixed within the group
of sensor units 212.

The energy derived from the number of wireless power
signals 216 may be used by the group of sensor units 212 to
perform one or more operations. For example, when the
group of sensor units 212 receives the number of wireless
power signals 216, the group of sensor units 212 makes mea-
surements and stores the measurements as sensor data 204.

The group of sensor units 212 sends sensor data 204 to
sensor controller 208 through wireless system 210 when the
group of sensor units 212 receives the number of wireless data
collection signals 218 from wireless system 210. As depicted,
the number of wireless data collection signals 218 may be
modulated to include information. This information may pro-
vide commands, data, and other information needed to collect
sensor data 204 from sensor units 212. As depicted, sensor
data 204 is sent in the number of wireless response signals
220 to sensor controller 208 through wireless system 210.

Sensor controller 208 processes sensor data 204. Sensor
controller 208 may perform operations including at least one
offiltering, analysis, sending sensor data 204 to a computer in
aircraft 206, generating an alert, storing sensor data 204 in a
database, sending sensor data 204 to a location remote to
aircraft 206, displaying sensor data 204, or other suitable
operations.

In these illustrative examples, sensor system 202 may be
configured to meet a policy. The policy is one or more rules.
The policy may be, for example, a safety policy regarding
operations in aircraft 206. The safety policy may include rules
with respect to the construction of components, the operation
of components, and other suitable rules. In one illustrative
example, the safety policy may be directed towards the archi-
tecture of sensor system 202 and may be a standard defining
safety certification requirements. The different components
in sensor system 202 may be configured to meet this type of
standard or other standards.

Turning next to FIG. 3, an illustration of a block diagram of
a wireless system is depicted in accordance with an illustra-
tive embodiment. An example of an implementation for wire-
less system 210 is shown in this figure. As depicted, wireless
system 210 includes transceiver system 300, a group of anten-
nas 302, and router system 304.
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In the illustrative example, transceiver system 300 is a
hardware system that may include software. As depicted,
transceiver system 300 comprises a group of transceiver units
306. A transceiver unit is configured to transmit wireless
signals 214 in FIG. 2 through the group of antennas 302 and
receive wireless signals 214 through the group of antennas
302. In some examples, a separate transmitter and receiver
may be used to implement a transceiver unit.

The group of antennas 302 is physically associated with
transceiver system 300. For example, the group of antennas
302 may be connected to the housing of a structure in which
transceiver units 306 are located. In other illustrative
examples, one or more of antennas 302 in the group of anten-
nas 302 may be connected to transceiver units 306 by wires.
In other words, the group of antennas 302 does not have to be
in the same location or locations as transceiver units 306 in
different illustrative examples.

As depicted, router system 304 may be comprised of a
group of routers 308. In the illustrative examples, a router in
the group of routers 308 is configured to send information to
sensor controller 208 in FIG. 2. The group of routers 308 may
provide routing functions similar to that of routers used in
computer networks. Further, if sensor controller 208 is dis-
tributed in different locations or one or more additional sensor
controllers are present, the group of routers 308 may route
sensor data 204 in FIG. 2 to an appropriate location based on
atleast one of'an addressing scheme, a group of rules, or some
other scheme.

Further, the group of routers 308 also may process sensor
data 204 received from sensor units 212 in FIG. 2. For
example, the group of routers 308 may aggregate sensor data
204 from the group of sensor units 212. The group of routers
308 also may place sensor data 204 into a format for use by
sensor controller 208. In still other illustrative examples, the
group of routers 308 may filter, sample, or otherwise process
sensor data 204.

With reference now to FIG. 4, an illustration of a block
diagram of a sensor unit is depicted in accordance with an
illustrative embodiment. Sensor unit 400 is a hardware device
and is an example of a sensor unit in sensor units 212 in FIG.
2. In this illustrative example, sensor unit 400 includes hous-
ing 402, antenna system 404, sensor system 406, and control-
ler 408.

Housing 402 is a structure that is physically associated
with the other components. In particular, housing 402 may
provide support for the other components.

Antenna system 404 is a hardware system and is configured
to send and receive signals such as wireless signals 214 in
FIG. 2. Antenna system 404 is comprised of one or more
antennas. Antenna system 404 may be mounted on housing
402 in the illustrative examples. In other illustrative
examples, some or all of antenna system 404 may be located
within housing 402.

Sensor system 406 is a hardware system. As depicted,
sensor system 406 includes one or more sensors. In particular,
sensor system 406 may include capacitive probe 410. Capaci-
tive probe 410 is configured to measure fluid levels. For
example, capacitive probe 410 may be used to measure a level
of fuel in a fuel tank.

Controller 408 is a hardware device configured to control
the operation of sensor system 406. As depicted, controller
408 receives energy through a wireless signal received on
antenna system 404. In these illustrative examples, controller
408 may include a receiver and a transmitter in addition to
logic circuits for controlling the operation of sensor system
406.
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As depicted, controller 408 is configured to cause sensor
system 406 to make measurements that result in the genera-
tion of sensor data 412. For example, controller 408 may send
energy to sensor system 406 that causes sensor system 406 to
make measurements and generate sensor data 412. In the
illustrative example, sensor data 412 is an example of sensor
data 204 in FIG. 2.

In this illustrative example, controller 408 may receive
sensor data 412 and store sensor data 412 in memory 414.
Additionally, controller 408 also may transmit sensor data
over a wireless signal through antenna system 404.

Turning now to FIG. 5, an illustration of states for a sensor
system used to generate sensor data is depicted in accordance
with an illustrative embodiment. In this illustrative example,
state machine 500 includes states that may be implemented in
sensor system 202 in FIG. 2. These states may be used to
generate sensor data 204 in FIG. 2 in a desired manner.

In this illustrative example, state machine 500 has a num-
ber of different states. As depicted, state machine 500
includes idle state 502, power state 504, and data collection
state 506.

In this illustrative example, state machine 500 begins in
idle state 502. Event 508 causes state machine 500 to shift
from idle state 502 to power state 504. Event 508 may take
various forms. As depicted, event 508 may be a periodic event
or a non-periodic event. For example, event 508 may be the
expiration of a timer, the receipt of a user input, a change ina
selected parameter, or some other suitable event.

In power state 504, sensor controller 208 sends a group of
wireless power signals 216 using wireless system 210 as
shown in block form in FIG. 2. The group of wireless power
signals 216 has a power level configured to provide a desired
level of energy transfer to a group of sensor units 212.

After the transmission of the group of wireless power sig-
nals 216, state machine 500 shifts from power state 504 to
data collection state 506. In data collection state 506, sensor
controller 208 sends a group of wireless data collection sig-
nals 218 to the group of sensor units 212 using wireless
system 210 as shown in block form in FIG. 2. The group of
wireless data collection signals 218 causes the group of sen-
sor units 212 to send sensor data 204 in wireless response
signals 220 as shown in block form in FIG. 2. Thereafter, state
machine 500 returns to idle state 502 until event 508 occurs.

Turning now to FIG. 6, an illustration of a sensor system is
depicted in accordance with an illustrative embodiment. In
this illustrative example, sensor system 600 is an example of
an implementation for sensor system 202 in FIG. 2. As
depicted, sensor system 600 is configured to generate sensor
data in fuel tank 602.

In the illustrative example, sensor system 600 includes a
number of different components. As depicted, sensor system
600 includes sensor controller 604, remote data concentrator
606, reader R, 608, reader R, 610, antenna 612, antenna 614,
antenna 616, sensor unit 618, sensor unit 620, sensor unit 622,
sensor unit 624, sensor unit 626, sensor unit 628, sensor unit
630, and sensor unit 632.

In these illustrative examples, sensor unit 618, sensor unit
620, sensor unit 622, sensor unit 624, sensor unit 626, sensor
unit 628, sensor unit 630, and sensor unit 632 are located in
fuel tank 602. These sensor units receive energy through radio
frequency signals transmitted by antenna 612, antenna 614,
and antenna 616. These sensor units generate sensor data and
transmit the sensor data over radio frequency signals to
antenna 612, antenna 614, and antenna 616. In particular,
these sensor units may be implemented using hardware for
radio frequency identifier (RFID) tags.
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In these illustrative examples, antenna 612, antenna 614,
and antenna 616 may be located in the interior of fuel tank
602, outside of fuel tank 602, or some combination thereof.
The location and configuration of antenna 612, antenna 614,
and antenna 616 is selected such that these antennas are able
to transmit radio frequency signals to the sensor units and
receive radio frequency signals from the sensor units.

In this illustrative example, antenna 612 communicates
with sensor unit 618, sensor unit 620, and sensor unit 622
using radio frequency signals. Antenna 614 communicates
with sensor unit 624, sensor unit 626, and sensor unit 628.
Antenna 616 communicates with sensor unit 630 and sensor
unit 632. Of course, more than one antenna may communi-
cate with the same sensor unit in some implementations. For
example, antenna 612 and antenna 614 may both communi-
cate with sensor unit 622 in another illustrative example.

ReaderR, 608 and reader R, 610 are examples ofhardware
devices that may be implemented in transceiver system 300 in
FIG. 3. For example, reader R, 608 and reader R, 610 may
include transceiver units such as transceiver units 306 in FIG.
3. In these illustrative examples, these readers may be imple-
mented using radio frequency identifier tag readers. Reader
R, 608 and reader R, 610 are configured to transmit radio
frequency signals over antenna 612, antenna 614, and antenna
616 within fuel tank 602. As depicted, reader R, 608 is con-
nected to antenna 612 and antenna 614. Reader R, 610 is
connected to antenna 616.

As depicted, reader R, 608 and reader R, 610 are config-
ured to transmit radio frequency signals to provide energy to
the sensor units in a wireless fashion. Additionally, reader R,
608 and reader R, 610 are configured to transmit radio fre-
quency signals to cause the sensor units to transmit sensor
data.

Remote data concentrator 606 is an example of a router in
routers 308 in FIG. 3. As depicted, remote data concentrator
606 is connected to reader R, 608 and reader R, 610. In this
illustrative example, remote data concentrator 606 also per-
forms processing of sensor data generated by the sensor units.

Sensor controller 604 is an example of sensor controller
208 in FIG. 2. Sensor controller 604 may process the sensor
data for use in other locations in the aircraft. For example, the
sensor data may indicate a fuel level in fuel tank 602. Sensor
controller 604 may identify a quantity of fuel present in fuel
tank 602 from the fuel level. This information may be dis-
played on ground refuel panel 634. In particular, a quantity of
fuel, an indication of whether refueling is needed after the
flight of an aircraft, and other information may be displayed
on ground refuel panel 634. As another example, the fuel level
in the sensor data, the quantity of fuel identified, or both may
be sent to aircraft computer 636. Aircraft computer 636 may
be, for example, a navigation computer. Aircraft computer
636 may use the sensor data to determine a range of the
aircraft.

The illustration of sensor system 600 in FIG. 6 is an
example of one implementation of sensor system 202 in FIG.
2 and is not meant to imply limitations to the manner in which
other sensor system may be implemented. For example, one
or more additional remote data concentrators may be present
in sensor system 600 in addition to remote data concentrator
606. In other illustrative examples, a router may be imple-
mented that does not perform processing of data as depicted
with remote data concentrator 606. In still other illustrative
examples, remote data concentrator 606 may be connected to
sensor controller 604 through a network not shown in this
example.

As another example, other types of information may be
identified in fuel tank 602 in addition to the fuel level. For
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example, the temperature, a pressure, an amount of vapor, and
other information may be received in the sensor data from the
sensors. In still another illustrative example, sensors may be
located in other locations in the aircraft other than fuel tank
602. These sensors also may generate sensor data that is sent
to sensor controller 604. For example, sensors may be located
inside the cabin of an aircraft, in association with an engine,
or in other locations in the different illustrative examples.

With reference now to FIG. 7, another illustration of a
sensor system is depicted in accordance with an illustrative
embodiment. In this illustrative example, another configura-
tion for sensor system 600 is shown.

As depicted, reader R, 608 and reader R, 610 are not used
in sensor system 600 as separate components. In the illustra-
tive example, antenna 612, antenna 614, and antenna 616 are
connected to remote data concentrator 606. The functionality
for reader R, 608 and reader R, 610 is integrated in remote
data concentrator 606. In other words, hardware such as trans-
ceiver units and other devices used to transmit radio fre-
quency signals and receive radio frequency signals may be
implemented within remote data concentrator 606. This type
of implementation may reduce the number of devices
installed in an aircraft.

With reference now to FIG. 8, another illustration of a
sensor system is depicted in accordance with an illustrative
embodiment. FIG. 8 illustrates yet another illustration of
sensor system 600. As depicted, radio frequency windows are
formed in structures within fuel tank 602. For example, radio
frequency window 800 is located in rib 802. Radio frequency
window 804 is located in rib 806. Radio frequency window
808 is located in rib 810. Radio frequency window 812 is
located in rib 814.

The materials used in these radio frequency windows may
be any material that facilitates the passage of radio frequency
signals through the windows. The materials selected for these
radio frequency signals may be materials used in structures
such as radomes. These materials may reduce the attenuation
of radio frequency signals within fuel tank 602.

The materials may include materials selected from one ofa
polyurethane, polystyrene, polytetrafluoroethylene, a quartz/
cyanate-ester composite material, a quartz/polybutadiene
composite material, polyoxymethylene, nylon, a closed cell
foam, a non-supported film adhesive, and other suitable mate-
rials.

In another illustrative example, a radio frequency window
may be created using two passive antennas that are directly
connected at a bulkhead. For example, an aperture may be
formed in a metal rib. One antenna may be mounted to the
forward bay with a first connector that is connected to another
connector on the other side that is attached to the second
antenna. These connectors may be, for example, a 50 ohm
connector. The effect would be similar to having a physical
aperture.

In this illustrative example, the use of radio frequency
windows may reduce the number of components needed in
sensor system 600. As depicted, antenna 616, reader R, 608,
and reader R, 610 are not used in this configuration of sensor
system 600. With this configuration, antenna 612 and antenna
614 provide a sufficient coverage for transmitting and receiv-
ing radio frequency signals within fuel tank 602.

With reference now to FIG. 9, yet another illustration of a
sensor system is depicted in accordance with an illustrative
embodiment. FIG. 9 illustrates yet another illustration of
another configuration for sensor system 600.

In this illustrative example, antenna 900 is used in place of
antenna 612, antenna 614, and antenna 616. Antenna 900 is
not a separate component like antenna 612, antenna 614, and
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antenna 616. Instead, antenna 900 is integrated within
another structure. In this particular example, antenna 900 is
integrated within spar 902 extending across fuel tank 602.

In particular, antenna 900 takes the form of a waveguide
formed within spar 902. In the illustrative example, the
waveguide may be a slotted waveguide. The slotted
waveguide may aid in the propagation of the radio frequency
signals through fuel tank 602. Additionally, when the
waveguide takes the form of a slotted waveguide, the slotted
waveguide may be formed as part of a structural component
such as a stringer.

Slots in the stringer may be covered with radio frequency
windows in the illustrative example. In this manner, the chan-
nel in the stringer may be isolated from fuel tank 602. Further,
radio frequency signals with higher energy levels may be
propagated through the stringer with the use of radio fre-
quency windows.

As a result, the number of components that are manufac-
tured and installed in fuel tank 602 are associated with fuel
tank 602. In addition, with the use of antenna 900, reader R,
608 and reader R, 610 are not needed in this configuration for
sensor system 600.

The illustrations of different configurations for sensor sys-
tem 600 in FIGS. 6-9 are only meant as examples of some
configurations that may be implemented for sensor system
600. These illustrations are not meant to limit the manner in
which other illustrative embodiments may be implemented.
For example, in other illustrative embodiments, radio fre-
quency window 800, radio frequency window 804, radio
frequency window 808, and radio frequency window 812
may not be needed in the configuration of sensor system 600
as depicted in FIG. 9.

In still other illustrative examples, other numbers of sensor
units other than the eight sensor units illustrated for fuel tank
602 may be used. For example, one sensor unit, fifteen sensor
units, twenty sensor units, or some other number of sensor
units may be used.

As another example, sensor system 600 may be imple-
mented in other locations in addition to or in place of fuel tank
602. For example, sensor system 600 also may be used within
the passenger cabin of an aircraft, in association with an
engine for the aircraft, and in other locations within the air-
craft. For example, sensors may be present in the passenger
cabin to generate data about parameters such as temperature,
humidity, and other suitable parameters in the passenger
cabin. The sensor data may be used by environment control
system in aircraft 206 in FIG. 2. As another example, sensors
may be present in different portions of the aircraft to detect
other parameters such as pressure, strain, and other suitable
parameters.

With reference next to FIG. 10, an illustration of a timing
diagram is depicted in accordance with an illustrative
embodiment. In this depicted example, timing diagram 1000
illustrates timing for transmitting wireless signals and receiv-
ing wireless signals in a sensor system. As depicted, timing
diagram 1000 illustrates the timing that may beused in sensor
system 600 in FIG. 6.

As depicted, X axis 1002 represents time, while Y axis
1004 represents power of wireless signals transmitted within
sensor system 202 in FIG. 2 and sensor system 600 in FIG. 6.
In the illustrative example, line 1006 represents the power in
radio frequency signals transmitted by the readers through the
antennas to the sensor units in sensor system 600 in FIG. 6.

As can be seen, the power for the radio frequency trans-
missions in line 1006 has different levels. These different
levels may correspond to different states of operation in sen-
sor system 600 in FIG. 6. In particular, sensor system 600 in
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FIG. 6 may implement state machine 500 in FIG. 5 in the
transmission of wireless signals.

As depicted, sample time 1008 represents a cycle in the
collection of sensor data. Power stage 1010 and data collec-
tion stage 1012 are periods of time within sample time 1008.

During power stage 1010, line 1006 is at power level 1014.
This power level is selected such that the energy in the wire-
less signals transmitted during power stage 1010 provides
electrical energy to operate the sensor units in sensor system
600. The electrical energy provided to the sensor units may be
used to perform different operations. For example, the opera-
tions may include at least one of making measurements,
storing sensor data, or other suitable types of operations.

In the illustrative example, the duration of power stage
1010 varies depending on the particular sensor system and
configuration of components such as antennas, sensor units,
and other factors. The duration of power stage 1010 is
selected to be efficient for sensor units to perform desired
operations to generate sensor data and store data in the illus-
trative example. For example, the duration of power stage
1010 may be about 10 milliseconds when the power of the
wireless signals is about 10 watts. In this example, the power
of the wireless signals may be from about 1 mW to about 10
mW.

The selection of the time and power for signals may depend
on the efficiency of the energy harvesting device used. Fur-
ther, these parameters may vary depending on the location of
sensor units, the configuration of the fuel tank or other struc-
ture, and other suitable factors.

After power stage 1010, data collection stage 1012 occurs.
In data collection stage 1012, line 1006 has power level 1016.
Power level 1016 is configured to cause the sensor units in
sensor system 600 to send sensor data generated by the sensor
units.

Inthese illustrative examples, information may be encoded
in the wireless transmissions not shown in this figure. For
example, the wireless transmissions may encode identifiers
for different sensor units that cause both sensor units having
the identifiers encoded to transmit sensor data.

In one illustrative example, a wireless power signal sent
during power stage 1010 is received by all of the sensor units.
In this example, during data collection stage 1012, pulses
1018 in line 1006 are used to send wireless data collections
signals to the wireless sensors.

For example, pulses 1018 in time R; 1020 may be signals
generated by readerR; 608 in FIG. 6. Pulses 1018 transmitted
during time A, 1022 are transmitted by antenna 612 in this
illustrative example. Pulses 1018 transmitted during time A,
1024 are transmitted by antenna 614 in FIG. 6. Pulses 1018
transmitted during time A; 1026 are transmitted by antenna
616 in FIG. 6 from signals generated by reader R, 610 in FIG.
6 during time R, 1023.

As depicted, pulses 1018 may be directed to particular
sensor units based on information encoded in the wireless
data collections signals that are transmitted. For example,
pulse P, 1028 is directed toward sensor unit 618; pulse P,
1030 is directed towards sensor unit 620; pulse P; 1032 is
directed towards sensor unit 622; pulse P, 1034 is directed
towards sensor unit 624; pulse P5 1036 is directed towards
sensor unit 626; pulse P 1038 is directed towards sensor unit
628; pulse P, 1040 is directed towards sensor unit 630; pulse
P, 1042 is directed towards sensor unit 632.

In this illustrative example, each pulse for a particular
sensor unit may encode an identifier for that sensor unit. That
identifier indicates that the pulse and any other information
that may be encoded in the pulse is directed to the particular
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sensor unit identified in the pulse. The other information may
include, for example, commands, instructions, data, and other
suitable types of information.

In these illustrative examples, pulses 1018 may have a
duration and power level similar to those used for reading
radio frequency identifier tags. For example, a pulse may have
a duration of about 10 milliseconds. The time for data collec-
tion stage 1012 is the time needed to read sensor data from all
of the different sensor units in sensor system 600 in this
example. This time may be identified by multiplying the
number of sensor units by the pulse width for reading data
from the sensor units. The time for data collection stage 1012
also may take into account other factors such as system
latency.

With reference now to FIG. 11, an illustration of a block
diagram of a sensor unit is depicted in accordance with an
illustrative embodiment. In this illustrative example, sensor
unit 1100 is another example of an implementation for a
sensor unit in sensor units 212 in FIG. 2.

In the illustrative example, sensor unit 1100 includes a
number of different components. As depicted, sensor unit
1100 includes antenna system 1102, electric circuit 1104, and
sensor 1106.

Electric circuit 1104 is comprised of one or more different
elements. Electric circuit 1104 may be implemented as an
integrated circuit chip or multiple integrated circuit chips
electrically connected to each other depending on the particu-
lar implementation.

Sensor 1106 may take various forms. In this illustrative
example, sensor 1106 may be probe 1108. In other words,
sensor 1106 may have an elongate shape such as a cylinder or
some other suitable shape. In particular, probe 1108 may be
capacitive probe 1110. Of course, sensor 1106 may take other
forms other than capacitive probe 1110. For example, probe
1108 may be a temperature probe. In still other illustrative
examples, other types of sensors may be used that may have
other shapes for configurations.

Antenna system 1102 may take various forms. For
example, antenna system 1102 may be a group of antennas
1112. This group of antennas 1112 may take the form of
antenna array 1114.

In this illustrative example, antenna system 1102 is physi-
cally connected to sensor 1106. As used herein, a first com-
ponent, antenna system 1102, “connected to” a second com-
ponent, sensor 1106, means that the first component can be
connected directly or indirectly to the second component. In
other words, additional components may be present between
the first component and the second component. The first
component is considered to be indirectly connected to the
second component when one or more additional components
are present between the two components. When the first com-
ponent is directly connected to the second component, no
additional components are present between the two compo-
nents.

As depicted, sensor 1106 may serve as a mounting struc-
ture for antenna system 1102. In still other illustrative
examples, sensor 1106 may function as a ground or ground
plane when sensor 1106 includes a metal material.

Further, antenna system 1102 is configured to exchange
radio frequency signals in different environments. For
example, the group of antennas 1112 may be configured to
provide a desired level of exchange of radio frequency signals
in both fuel and air. This configuration may take into account
achange in level of fuel in a fuel tank. For example, fuel may
sometimes cover a portion or all of the group of antennas 1112
when sensor unit 1100 is used in a fuel tank.
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In some illustrative examples, different antennas in the
group of antennas 1112 may be designed for different media.
For example, the group of antennas 1112 may be a plurality of
monopole antennas.

A first portion of the group of antennas 1112 may be
configured to exchange radio frequency signals in the air. The
second portion of the group of antennas 1112 may be config-
ured to exchange wireless signals in a liquid such as fuel. The
different antennas may be arranged such that at least some of
the group of antennas 1112 are able to exchange radio fre-
quency signals at a desired level. In these illustrative
examples, the desired level for the radio frequency signals is,
for example, at a level at which energy may be derived from
radio frequency signals at a desired level or a level at which
sensor data may be transmitted to a destination.

In yet another illustrative example, the group of antennas
1112 may include an antenna array formed on a planar sub-
strate. This planar substrate may be connected to sensor 1106.

In yet another illustrative example, the group of antennas
1112 may be an antenna array formed on a flexible dielectric
film. This flexible dielectric film is connected to the sensor. As
a result, the antenna may conform to the shape of the sensor.

Additionally, sensor unit 1100 also may include barrier
structure 1116. Barrier structure 1116 may provide protection
from the environment around sensor unit 1100. Barrier struc-
ture 1116 may be configured to provide this protection to one
or more components in sensor unit 1100.

For example, barrier structure 1116 may ensure that the
group of antennas 1112 is exposed to a medium that has air
instead of fuel. As another illustrative example, barrier struc-
ture 1116 also may provide protection for electric circuit
1104. For example, barrier structure 1116 may act as a hous-
ing for electric circuit 1104.

In the illustrative example, barrier structure 1116 may
encapsulate one or more components and sensor unit 1100.
Barrier structure 1116 may substantially prevent at least one
of'fuel, moisture, or other elements from reaching component
and sensor unit 1100.

In other words, barrier structure 1116 may have an interior
that is substantially sealed from allowing elements outside of
barrier structure 1116 from entering the interior of barrier
structure 1116.

In some illustrative examples, the interior includes a fluid
such as air. In other illustrative examples, the fluid may be
another gas such as nitrogen, helium, an inert gas, or some
other suitable gas. In still other illustrative examples, the fluid
may be a liquid within the interior of barrier structure 1116.

In other words, barrier structure 1116 may contain anten-
nas 1112 in an environment that is configured for a desired
level of performance for antennas 1112. For example, anten-
nas 1112 may be maintained in a dry state by barrier structure
1116. Thus, barrier structure 1116 may be configured to pro-
vide a substantially dry environment for antennas 1112 in
antenna system 1102.

Barrier structure 1116 is comprised of material that
reduces the attenuation of radio frequency signals in this
illustrative example. Barrier structure 1116 may be com-
prised of materials similar to those used in radomes. In fact, in
some illustrative examples, barrier structure 1116 may be a
radome.

Barrier structure 1116 may provide a layer of protection
against environmental effects such as electromagnetic events.
In other words, if electromagnetic events, such as an arc,
occur within electric circuit 1104, barrier structure 1116 may
prevent the arc from reaching other portions of the fuel tank.

Further, the use of barrier structure 1116 as a radome for
antennas 1112 may keep fuel or other liquids at a selected



US 9,293,033 B2

15

distance from antennas 1112. In this manner, dielectric load-
ing of the antenna may be reduced or eliminated such that the
efficiency of antennas 1112 may remain at a desired level.

The illustration of sensor unit 1100 in FIG. 11 is not meant
to imply physical or architectural limitations to the manner in
which sensor units may be implemented. Other sensor units
may include other components in addition to or in place of the
ones illustrated for sensor unit 1100.

For example, one or more sensors in addition to sensor
1106 may be implemented in sensor unit 1100. As another
illustrative example, sensor unit 1100 may include connec-
tors to connect or mount sensor unit 1100 to different struc-
tures in a desired location.

In still another illustrative example, a combination of a
multilayer printed wiring board (PWB) in a strip containing
electrical components in electric circuit 1104 with a radio
frequency flexible circuit for antennas 1112 may be used.
This type of configuration may be wrapped around, and
bonded to, a tube in probe 1108.

Turning now to FIG. 12, an illustration of a block diagram
of an electric circuit is depicted in accordance with an illus-
trative embodiment. In this illustration, an example of com-
ponents in electric circuit 1104 is depicted. For example,
electric circuit 1104 may include controller 1200, energy
harvester 1202, power system 1204, radio 1206, memory
1208, and other suitable components.

As depicted, energy harvester 1202 is one or more devices
configured to convert the energy in radio frequency signals
received by antenna system 1102 into electrical energy. In this
manner, sensor unit 1100 does not need to have a wired
connection to a power source. Additionally, energy harvester
1202 may harvest energy from other sources in addition to or
in place of radio frequency signals.

Controller 1200 is configured to control operation of the
different components in sensor unit 1100 and may be, for
example, a processor, a programmable logic array, an appli-
cation specific integrated circuit, or some other suitable type
of components. In some illustrative examples, radio 1206
includes a transmitter and a receiver and may be integrated as
a transceiver rather than as separate components. Memory
1208 may store information including sensor data, program
code, and other suitable types of information. Power system
1204 may provide for the storage of electrical energy. For
example, power system 1204 may have an energy storage
device such as a capacitor, battery, or some other suitable type
of storage device. Additionally, power system 1204 also may
include circuits to regulate and accumulate energy that is
stored by power system 1204.

With reference now to FIG. 13, another illustration of a
block diagram of an electric circuit is depicted in accordance
with an illustrative embodiment. In this illustration, another
example of components that may be found in electric circuit
1104 is depicted. For example, electric circuit 1104 may
include radio frequency splitter 1300, energy harvesting
device 1302, energy storage system 1304, radio 1306, and
controller 1308.

As depicted, radio frequency splitter 1300 is configured to
be connected to antenna system 1102 in FIG. 11. Radio fre-
quency splitter 1300 is configured to send wireless power
signals to energy harvesting device 1302. Radio frequency
splitter 1300 is also configured to send wireless data collec-
tion signals to radio 1306 for processing. In this illustrative
example, the wireless data collection signal may include
commands or other information that may be used by control-
ler 1308 in performing measurement operations as well as
other operations.
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In this illustrative example, radio frequency splitter 1300 is
configured to send a first portion of the radio frequency signal
to radio 1306 and the second portion of the radio frequency
signal to energy harvesting device 1302. The portion selected
may be such that radio 1306 is able to demodulate the radio
frequency signal. For example, the first portion may be about
20 percent and the second portion may be about 80 percent.
The actual value selected may depend on particular compo-
nents used for radio 1306 and energy harvesting device 1302.

As depicted, radio 1306 may convert sensor data or other
information received from controller 1308 into a form for
transmission over a wireless response signal. In particular, a
transmitter in radio 1306 may generate a wireless response
signal that is modulated to include the information.

In this illustrative example, a radio frequency identifier
technique called “backscatter” may be implemented. With
this type of technique, the need for circuit components such as
low noise amplifiers, mixers, and other circuits may be
reduced or eliminated within radio 1306. As a result, the
operation of radio 1306 occurs with a reduced use of power
through the elimination of circuit elements. As an example,
radio 1306 may use power that is about at least 10 times lower
than other “low power” radios. In this manner, radio 1306 in
electric circuit 1104 is designed to meet policies such as
safety policies, while other “low power” radios may not meet
these types of policies.

Energy harvesting device 1302 is configured to generate
energy from a wireless power signal received through radio
frequency splitter 1300. This energy may be in the form of
voltage sent to energy storage system 1304.

Energy storage system 1304 may store the energy until
used to operate sensor unit 1100. Energy storage system 1304
may include an energy storage device and circuits used to
accumulate, regulate, and store energy in the energy storage
device. The energy storage device may be, for example, at
least one of a capacitor, a battery, or some other suitable
device.

Radio 1306 may include a transmitter and a receiver. Radio
1306 may receive a wireless data collection signal and iden-
tify information that may be encoded in the wireless data
collection signal. This information is sent to controller 1308.
Additionally, radio 1306 may receive information such as
sensor data from controller 1308. This sensor data is encoded
by radio 1306 for transmission as a wireless response signal.

Controller 1308 is connected to radio 1306, energy storage
system 1304, and sensor 1106 in FIG. 11. In this illustrative
example, controller 1308 is configured to control the opera-
tion of sensor unit 1100. For example, controller 1308 is
configured to receive signals from sensor 1106 and generate
sensor data from the signals. Controller 1308 is configured to
send and receive information to a remote location using radio
1306.

Additionally, controller 1308 may also perform other
operations such as controlling a sampling rate for signals
received from sensor 1106, evaluate energy generated by
energy harvesting device 1302 from radio frequency signals
received by antennas 1112, send information about energy
generated and other information as diagnostic information to
a remote location, and other suitable operations.

As depicted, controller 1308 is also configured to send
energy in the form of voltage to sensor 1106. Controller 1308
also sends the voltage to radio 1306.

As depicted, controller 1308 may receive an analog signal
from sensor 1106 in FIG. 11. This analog signal may be a
square wave or some other suitable type of signal. Controller
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1308 converts this measurement into sensor data. For
example, the analog signal may be converted into a height of
fuel in a fuel tank.

The illustration of sensor system 202 as shown in block
form in FIG. 2 and the different components in FIGS. 2-9 and
FIGS. 11-13 are not meant to imply physical or architectural
limitations to the manner in which an illustrative embodiment
may be implemented. Other components in addition to or in
place of the ones illustrated may be used. Some components
may be unnecessary. Also, the blocks are presented to illus-
trate some functional components. One or more of these
blocks may be combined, divided, or combined and divided
into different blocks when implemented in an illustrative
embodiment.

Although the illustrative examples are described with
respect to an aircraft, an illustrative embodiment may be
applied to other types of platforms. The platform may be, for
example, a mobile platform, a stationary platform, a land-
based structure, an aquatic-based structure, and a space-based
structure. More specifically, the platform, may be a surface
ship, a tank, a personnel carrier, a train, a spacecraft, a space
station, a satellite, a submarine, an automobile, a power plant,
a house, a manufacturing facility, a building, a refinery, a
chemical containment unit, fuel tank, passenger cabin, a
wing, and other suitable platforms. In other words, sensor
system 202 may be placed in various locations in these dif-
ferent platforms.

As yet another illustrative example, other wireless signals
other than wireless power signals 216, wireless data collec-
tion signals 218, and wireless response signals 220 as shown
in block form in FIG. 2 may be present. For example, other
types of wireless signals may encode information such as
commands, data, or other information to configure how sen-
sor units 212 in FIG. 2 operate.

As another illustrative example, energy harvesting device
1302 may harvest energy from other sources other than radio
frequency signals. For example, energy harvesting device
1302 may include, or may be physically associated with,
components to harvest energy from at least one of a tempera-
ture gradient, vibrations, movement, or other suitable sources
of energy in the environment around sensor unit 1100. For
example, a thermal electric generator may be used to drive
energy from a temperature gradient. As another example, an
electric crystal fiber may be used to derive energy from vibra-
tions.

Also in this illustrative example, sensor unit 1100 and the
components in FIGS. 11-13 may be configured to meet a
policy. In particular, components such as at least one of sensor
unit 1100, antenna system 1102, energy harvesting device
1302, controller 1308, or other components are configured to
meet a safety policy.

With reference now to FIG. 14, an illustration of a sensor
unit is depicted in accordance with an illustrative embodi-
ment. In this illustrative example, sensor unit 1400 is an
example of a physical implementation for sensor unit 1100
shown in block form in FIG. 11.

As depicted, sensor unit 1400 includes capacitive probe
1402 and barrier structure 1404. Other components such as an
antenna and an electric circuit are present within barrier struc-
ture 1404, but not shown in this view. As depicted, barrier
structure 1404 takes the form of a housing in this particular
example. The housing may be comprised of various materials
such as plastic, polycarbonate, and other materials suitable
for use in a fuel tank. Additionally, the selection of the mate-
rial for barrier structure 1404 is one that reduces the attenu-
ation of radio frequency signals.
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Barrier structure 1404 may isolate the components within
barrier structure 1404 from the environment around sensor
unit 1400. For example, if sensor unit 1400 is partially or fully
immersed in fuel, barrier structure 1404 may prevent fuel
from entering into the interior where the different compo-
nents are located.

Turning now to FIG. 15, another illustration of a sensor unit
is depicted in accordance with an illustrative embodiment. In
this example, barrier structure 1404 in FIG. 14 has been
removed. In this view, planar circuit board 1500 is shown
connected to capacitive probe 1402 by connector 1502. Con-
nector 1502 may be comprised of various materials, such as,
for example, plastic, polycarbonate, aluminum, or any other
suitable material for use in a fuel tank.

As depicted, electric circuit 1504 is formed from different
integrated circuits and trace lines on planar circuit board
1500. Additionally, antenna 1506 is located on planar circuit
board 1500 in this example.

With reference now to FIG. 16, another illustration of a
sensor unit is depicted in accordance with an illustrative
embodiment. In this illustrative example, sensor unit 1600 is
an example of an implementation for sensor unit 1100 shown
in block form in FIG. 11.

In this illustrative example, sensor unit 1600 includes
capacitive probe 1602 and barrier structure 1604. Barrier
structure 1604 is connected to capacitive probe 1602.

As can be seen, barrier structure 1604 has a cylindrical
shape around surface 1606 of capacitive probe 1602. In other
words, barrier structure 1604 conforms to surface 1606 of
capacitive probe 1602. Additionally, barrier structure 1604
may be comprised of a material selected for use in a fuel tank
and reduces attenuation of radio frequency signals.

With reference now to FIG. 17, yet another illustration of a
sensor unit is depicted in accordance with an illustrative
embodiment. In this example, sensor unit 1600 is shown
without barrier structure 1604. As can be seen in this illustra-
tive example, flexible dielectric film 1700 has a shape that
conforms to surface 1606 of capacitive probe 1602. In this
example, flexible dielectric film 1700 is connected to surface
1606 of capacitive probe 1602.

Antenna array 1702 is formed on flexible dielectric film
1700. Antenna array 1702 may be a flexible radio frequency
circuit material with copper lines or other metal lines. These
materials may be laminated to form a multilayer flexible
antenna element. One or more of these multilayer flexible
antenna elements may be used. As depicted, plurality of mul-
tilayer flexible antenna elements form antenna array 1702.

Additionally, electric circuit 1704 is also connected to flex-
ible dielectric film 1700. Electric circuit 1704 takes the form
of an integrated circuit chip in this illustrative example. An
integrated circuit chip may have a shape configured to con-
form to surface 1606 of capacitive probe 1602. In other illus-
trative examples, the circuit may be formed on a flexible
material.

With reference now to FIG. 18, an illustration of a sensor
unit is depicted in accordance with an illustrative embodi-
ment. In this illustrative example, sensor unit 1800 is an
example of an implementation for sensor unit 1100 shown in
block form in FIG. 11.

In this illustrative example, sensor unit 1800 comprises
capacitive probe 1802, barrier structure 1804, and antenna
array 1806. Barrier structure 1804 is connected to capacitive
probe 1802. Barrier structure 1804 may contain components
such as an electric circuit within the interior of barrier struc-
ture 1804.

In this illustrative example, antenna array 1806 is not cov-
ered or located within barrier structure 1804. A group of
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antennas within antenna array 1806 are configured to send
and receive radio frequency signals in different mediums.

For example, antenna 1808 in antenna array 1806 may be
configured to send and receive radio frequency signals in air.
Antenna 1810 in antenna array 1806 may be configured to
send and receive radio frequency signals in fuel.

Thus, if fuel level 1812 is present, then antenna 1808 may
send and receive radio frequency signals at a desired level
while antenna 1810 may not send and receive radio frequency
signals at a desired level. If fuel level 1814 is present, antenna
1808 may not send and receive radio frequency signals at a
desired level while antenna 1810 sends and receives radio
frequency signals at a desired level.

In other words, each antenna in antenna array 1806 may be
configured to send and receive radio frequency signals in a
selected medium such as air or fuel. As a result, as the fuel
level changes, at least a portion of the group of antennas in
antenna array 1806 may send and receive radio frequency
signals at a desired level, even though the fuel level may
change.

With reference now to FIG. 19, an illustration of a sensor
unit is depicted in accordance with an illustrative embodi-
ment. In this illustrative example, sensor unit 1900 is an
example of an implementation for sensor unit 1100 shown in
block form in FIG. 11.

In this illustrative example, sensor unit 1900 comprises
capacitive probe 1902, barrier structure 1904, and antenna
array 1906. Barrier structure 1904 is connected to capacitive
probe 1902. Barrier structure 1904 may contain components
such as an electric circuit within the interior of barrier struc-
ture 1904.

In this example, the group of antennas in antenna array
1906 is not shown because the group of antennas in antenna
array 1906 is covered by barrier structure 1904. The group of
antennas in antenna array 1906 may be configured to send and
receive radio frequency signals in air. Barrier structure 1904
is configured to prevent fuel from contacting the group of
antennas in antenna array 1906. In the illustrative example,
barrier structure 1904 may reduce dielectric loading of the
antenna. Dielectric loading on the antenna may cause a shift
in resonant frequency, which reduces the performance of the
antenna.

In this illustrative example, barrier structure 1904 may be
comprised of housing 1908, element 1910, element 1912,
element 1914, element 1916, element 1918, element 1920,
element 1922, element 1924, element 1926, element 1928,
element 1928, element 1930, and element 1932. These ele-
ments covering the group of antennas may be radomes in this
illustrative example.

The materials used in barrier structure 1904 may be all of
the same type of material or different types of materials. For
example, housing 1908 and the different elements may all be
comprised of a material suitable for use in a fuel tank. The
material selected for the different elements may be ones that
reduce attenuation of radio frequency signals while the mate-
rial for housing 1908 does not have such a requirement.

The different components shown in FIGS. 1 and 14-19 may
be combined with components in FIGS. 2-9 and 11-13, used
with components in FIGS. 2-9 and 11-13, or a combination of
the two. Additionally, some of the components in FIGS. 1 and
14-19 may be illustrative examples of how components
shown in block form in FIGS. 2-9 and 11-13 can be imple-
mented as physical structures.

Turning now to FIG. 20, an illustration of a flowchart of a
process for generating sensor data is depicted in accordance
with an illustrative embodiment. The process illustrated in
FIG. 20 may be implemented in sensor system 202 in FIG. 2.
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The process begins by sending a number of wireless power
signals to a group of sensor units (operation 2000). After the
number of wireless power signals have been sent to the group
of sensor units, a number of wireless data collection signals
are sent to the group of sensor units (operation 2002).

Next, sensor data in wireless response signals is received
from the group of sensor units (operation 2004). The process
terminates thereafter.

In the illustrative examples, these operations may be
repeated any number of times to obtain sensor data from the
group of sensor units. These operations send wireless signals
at different power levels. These power levels may be similar
to those illustrated in timing diagram 1000 in FIG. 10.

With reference now to FIG. 21, an illustration of a flow-
chart of a process for sending wireless data collection signals
is depicted in accordance with an illustrative embodiment.
The operations illustrated in FIG. 21 are examples of opera-
tions that may be used to implement operation 2002 in FIG.
20.

The process begins by identifying a group of sensor units
(operation 2100). The sensor units are ones for which data
collection of sensor data is desired. These sensors may be
identified from a data structure such as a database, a link, a
list, a table, or some other suitable type of data structure. The
information in the data structure may be, for example, iden-
tifiers for the group of sensor units.

The process then selects an unprocessed sensor unit from
the group of sensor units identified (operation 2102). The
process then sends a wireless data collection signal with the
identifier for the selected sensor unit encoded in the wireless
data collection signal (operation 2104). A determination is
made as to whether an additional unprocessed sensor unit is
present in the group of sensor units identified (operation
2106).

If an additional unprocessed sensor unit is present, the
process returns to operation 2102. Otherwise, the process
terminates.

The flowcharts and block diagrams in the different
depicted embodiments illustrate the architecture, functional-
ity, and operation of some possible implementations of appa-
ratuses and methods in an illustrative embodiment. In this
regard, each block in the flowcharts or block diagrams may
represent a module, a segment, a function, and/or a portion of
an operation or step. For example, one or more of the blocks
may be implemented as program code, in hardware, or a
combination of the program code and hardware. When imple-
mented in hardware, the hardware may, for example, take the
form of integrated circuits that are manufactured or config-
ured to perform one or more operations in the flowcharts or
block diagrams. When implemented as a combination of pro-
gram code and hardware, the implementation may take the
form of firmware.

In some alternative implementations of an illustrative
embodiment, the function or functions noted in the blocks
may occur out of the order noted in the figures. For example,
in some cases, two blocks shown in succession may be
executed substantially concurrently, or the blocks may some-
times be performed in the reverse order, depending upon the
functionality involved. Also, other blocks may be added in
addition to the illustrated blocks in a flowchart or block dia-
gram.

For example, in the flowchart in FIG. 21, the process may
include an operation to wait for a wireless response signal to
be received from the sensor unit before proceeding to select
another sensor unit for processing. As another example, the
wireless data collection signal may be a broadcast signal and
may not include identifiers for the wireless sensor units. In
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this implementation, the wireless sensor units may all trans-
mit sensor data when receiving this broadcast signal.

Turning now to FIG. 22, an illustration of a block diagram
of'a data processing system is depicted in accordance with an
illustrative embodiment. Data processing system 2200 may
be used to implement sensor controller 208 in FIG. 2. In this
illustrative example, data processing system 2200 includes
communications framework 2202, which provides commu-
nications between processor unit 2204, memory 2206, per-
sistent storage 2208, communications unit 2210, input/output
(I/O) unit 2212, and display 2214. In this example, commu-
nication framework may take the form of a bus system.

Processor unit 2204 serves to execute instructions for soft-
ware that may be loaded into memory 2206. Processor unit
2204 may be a number of processors, a multi-processor core,
or some other type of processor, depending on the particular
implementation.

Memory 2206 and persistent storage 2208 are examples of
storage devices 2216. A storage device is any piece of hard-
ware that is capable of storing information, such as, for
example, without limitation, data, program code in functional
form, and/or other suitable information either on a temporary
basis and/or a permanent basis. Storage devices 2216 may
also be referred to as computer readable storage devices in
these illustrative examples. Memory 2206, in these examples,
may be, for example, a random access memory or any other
suitable volatile or non-volatile storage device. Persistent
storage 2208 may take various forms, depending on the par-
ticular implementation.

For example, persistent storage 2208 may contain one or
more components or devices. For example, persistent storage
2208 may be a hard drive, a flash memory, a rewritable optical
disk, a rewritable magnetic tape, or some combination of the
above. The media used by persistent storage 2208 also may be
removable. For example, a removable hard drive may be used
for persistent storage 2208.

Communications unit 2210, in these illustrative examples,
provides for communications with other data processing sys-
tems or devices. In these illustrative examples, communica-
tions unit 2210 is a network interface card.

Input/output unit 2212 allows for input and output of data
with other devices that may be connected to data processing
system 2200. For example, input/output unit 2212 may pro-
vide a connection for user input through a keyboard, a mouse,
and/or some other suitable input device. Further, input/output
unit 2212 may send output to a printer. Display 2214 provides
a mechanism to display information to a user.

Instructions for the operating system, applications, and/or
programs may be located in storage devices 2216, which are
in communication with processor unit 2204 through commu-
nications framework 2202. The processes of the different
embodiments may be performed by processor unit 2204 using
computer-implemented instructions, which may be located in
a memory, such as memory 2206.

These instructions are referred to as program code, com-
puter usable program code, or computer readable program
code that may be read and executed by a processor in proces-
sorunit 2204. The program code in the different embodiments
may be embodied on different physical or computer readable
storage media, such as memory 2206 or persistent storage
2208.

Program code 2218 is located in a functional form on
computer readable media 2220 that is selectively removable
and may be loaded onto or transferred to data processing
system 2200 for execution by processor unit 2204. Program
code 2218 and computer readable media 2220 form computer
program product 2222 in these illustrative examples. In one
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example, computer readable media 2220 may be computer
readable storage media 2224 or computer readable signal
media 2226.

In these illustrative examples, computer readable storage
media 2224 is a physical or tangible storage device used to
store program code 2218 rather than a medium that propa-
gates or transmits program code 2218.

Alternatively, program code 2218 may be transferred to
data processing system 2200 using computer readable signal
media 2226. Computer readable signal media 2226 may be,
for example, a propagated data signal containing program
code 2218. For example, computer readable signal media
2226 may be an electromagnetic signal, an optical signal,
and/or any other suitable type of signal. These signals may be
transmitted over communications links, such as wireless
communications links, optical fiber cable, coaxial cable, a
wire, and/or any other suitable type of communications link.

The different components illustrated for data processing
system 2200 are not meant to provide architectural limita-
tions to the manner in which different embodiments may be
implemented. The different illustrative embodiments may be
implemented in a data processing system including compo-
nents in addition to and/or in place of those illustrated for data
processing system 2200. Other components shown in FIG. 22
can be varied from the illustrative examples shown. The dif-
ferent embodiments may be implemented using any hardware
device or system capable of running program code 2218.

Iustrative embodiments of the disclosure may be
described in the context of aircraft manufacturing and service
method 2300 as shown in FIG. 23 and aircraft 2400 as shown
in FIG. 24. Turning first to FIG. 23, an illustration of an
aircraft manufacturing and service method is depicted in
accordance with an illustrative embodiment. During pre-pro-
duction, aircraft manufacturing and service method 2300 may
include specification and design 2302 of aircraft 2400 in FIG.
24 and material procurement 2304.

During production, component and subassembly manufac-
turing 2306 and system integration 2308 of aircraft 2400 in
FIG. 24 takes place. Thereafter, aircraft 2400 in F1G. 24 may
go through certification and delivery 2310 in order to be
placed in service 2312. While in service 2312 by a customer,
aircraft 2400 in FIG. 24 is scheduled for routine maintenance
and service 2314, which may include modification, recon-
figuration, refurbishment, and other maintenance or service.

Each of the processes of aircraft manufacturing and service
method 2300 may be performed or carried out by a system
integrator, a third party, and/or an operator. In these examples,
the operator may be a customer. For the purposes of this
description, a system integrator may include, without limita-
tion, any number of aircraft manufacturers and major-system
subcontractors; a third party may include, without limitation,
any number of vendors, subcontractors, and suppliers; and an
operator may be an airline, a leasing company, a military
entity, a service organization, and so on.

With reference now to FI1G. 24, an illustration of an aircraft
is depicted in which an illustrative embodiment may be
implemented. In this example, aircraft 2400 is produced by
aircraft manufacturing and service method 2300 in FIG. 23
and may include airframe 2402 with plurality of systems
2404 and interior 2406. Examples of systems 2404 include
one or more of propulsion system 2408, electrical system
2410, hydraulic system 2412, and environmental system
2414. Any number of other systems may be included.
Although an aerospace example is shown, different illustra-
tive embodiments may be applied to other industries, such as
the automotive industry.
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Apparatuses and methods embodied herein may be
employed during at least one of the stages of aircraft manu-
facturing and service method 2300 in FIG. 23. For example,
the different components in sensor system 202 may be manu-
factured and produced during component and subassembly
manufacturing 2306 in FIG. 23.

As yet another example, one or more apparatus embodi-
ments, method embodiments, or a combination thereof may
be utilized during system integration 2308, in service 2312,
during maintenance and service 2314, as well as other stages
in FIG. 23.

For example, sensor system 202 may be used to generate
sensor data while aircraft 2400 is in service 2312. As another
illustrative example, sensor system 202 may be implemented
in aircraft 2400 during maintenance and service 2314. For
example, sensor system 202 may be added to aircraft 2400
during refurbishment, upgrades, and other operations that
may be performed. In some illustrative examples, some com-
ponents in sensor system 202 may already be present while
others may be added when sensor system 202 is implemented
during maintenance and service 2314.

The use of a number of the different illustrative embodi-
ments may substantially expedite the assembly of and/or
reduce the cost of aircraft 2400. In the illustrative examples,
a reduction in time and cost may occur through the reduced
need for wires, harnesses, and other components used in
transmitting signals over a wired medium. Further, the num-
ber of openings formed for wires and the inspection and
maintenance and inspection of seals for those openings also
may be reduced when using sensor system 202 in aircraft
2400.

Thus, the illustrative embodiments provide a method and
apparatus for providing sensor data in a manner that provides
information desired for operating an aircraft. The illustrative
embodiments provide an ability to reduce the number of
components used in a sensor system. As a result, the weight,
cost, and time needed to install a sensor system may be
reduced using one or more illustrative embodiments.

Thus, one or more illustrative embodiments may be imple-
mented to reduce the need for wires in an aircraft. In the
illustrative examples, the architecture for sensor system 202
may be used in areas in which the routing of wires may be
more difficult than desired as well as in areas in which the use
of wires is undesirable. With an illustrative embodiment, the
formation of goals for wires and the entry of wires into areas
such as a fuel tank may be reduced or eliminated.

As a result, issues with respect to the routing wires, the
standoff wires and other components from structures to
reduce effects, such as arcing or discharge, from undesired
electoral magnetic events, such as lightning or static electric-
ity may be reduced or unnecessary.

The description of the different illustrative embodiments
has been presented for purposes of illustration and descrip-
tion, and is not intended to be exhaustive or limited to the
embodiments in the form disclosed. Many modifications and
variations will be apparent to those of ordinary skill in the art.
Further, different illustrative embodiments may provide dif-
ferent features as compared to other illustrative embodi-
ments. The embodiment or embodiments selected are chosen
and described in order to best explain the principles of the
embodiments, the practical application, and to enable others
of ordinary skill in the art to understand the disclosure for
various embodiments with various modifications as are suited
to the particular use contemplated.

What is claimed is:

1. An aircraft fuel sensor system comprising:

a group of sensor units located in a fuel tank of an aircraft;
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a wireless system configured to send a number of wireless
power signals and a number of wireless data collection
signals to the group of sensor units under a control of a
sensor controller and receive sensor data in a number of
wireless response signals sent from the group of sensor
units;

the sensor controller, wherein the sensor controller is con-
figured to cause the wireless system to send the number
of wireless power signals to the group of sensor units;
cause the wireless system to send the number of wireless
data collection signals to the group of sensor units after
the number of wireless power signals have been sent to
the group of sensor units; and receive the sensor data
transmitted wirelessly in the number of wireless
response signals from the wireless system; and

a radio frequency window formed in a structure of the fuel
tank, wherein the radio frequency window facilitates the
passage at least one of the wireless response signals, the
wireless power signals, or the wireless data collection
signals through the structure, and wherein the radio fre-
quency window is formed of a physical aperture in the
structure and a material placed in the physical aperture,
wherein the material facilitates the passage of at least
one of the wireless response signals, the wireless power
signals, or the wireless data collection signals through
the radio frequency window.

2. The aircraft fuel sensor system of claim 1, wherein a

sensor unit in the group of sensor units comprises:

a sensor;

an antenna system physically connected to the sensor,
wherein the antenna system is configured to send and
receive wireless signals;

an energy harvesting device configured to derive energy
from the wireless signals received; and

a controller configured to control the sensor to make a
measurement, save the measurement as the sensor data,
and send the sensor data in the wireless signals.

3. The aircraft fuel sensor system of claim 1, wherein the
material is selected from one of a polyurethane, polystyrene,
polytetrafluoroethylene, a quartz/cyanate-ester composite
material, a quartz/polybutadiene composite material, poly-
oxymethylene, nylon, a closed cell foam, a non-supported
film adhesive.

4. A method for generating sensor data, the method com-
prising:

sending a number of wireless power signals to a group of
sensor units;

sending a number of wireless data collection signals to the
group of sensor units after the number of wireless power
signals have been sent to the group of sensor units;

receiving the sensor data in a number of wireless response
signals from the group of sensor units; and

facilitating the passage of at least one of the number of
wireless response signals, the number of wireless power
signals, or the number of wireless data collection signals
through a structure and to or from the sensor unit using
a radio frequency window, wherein the radio frequency
window is formed of a physical aperture in the structure
and a material placed in the physical aperture, wherein
the material facilitates the passage of at least one of the
wireless response signals, the wireless power signals, or
the wireless data collection signals through the radio
frequency window.

5. The method of claim 4 further comprising:

waking up a controller in a sensor unit in the group of
sensor units when the number of wireless power signals
is received;



US 9,293,033 B2

25

making a measurement using energy derived from the

number of wireless power signals; and

storing the measurement as the sensor data.

6. The method of claim 5 further comprising:

sending the sensor data in wireless signals when the num-

ber of wireless data collection signals is received.

7. The method of claim 4, wherein sending the number of
wireless data collection signals to the group of sensor units
after the number of wireless power signals have been sent the
group of sensor units comprises:

identifying an identifier for a sensor unit in the group of

sensor units; and

sending the identifier in the number of wireless data col-

lection signals to the group of sensor units after the
number of wireless power signals have been sent the
group of sensor units.

8. The method of claim 7, wherein the steps of identifying
the identifier for the sensor unit in the group of sensor units
and sending the identifier in the number of wireless data
collection signals to the group of sensor units after the number
of wireless power signals have been sent the group of sensor
units is performed sequentially for each sensor unit in the
group of sensor units.

9. The method of claim 4, wherein the number of wireless
power signals is selected from one of a single wireless power
signal and a plurality of sequential wireless power signals.

10. A method comprising:

receiving a number of wireless power signals at a sensor

unit;
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making a number of measurements using a sensor at the
sensor unit after receiving the number of wireless power
signals;

storing the number of measurements as sensor data;

transmitting the sensor data in a number of wireless sensor

data signals when a number of wireless data collections
signals is received; and

facilitating the passage of at least one of the number of

wireless power signals, or the number of wireless data
collection signals through a structure and to or from the
sensor unit using a radio frequency window outside of
the sensor unit, wherein the radio frequency window is
formed of a physical aperture in the structure and a
material placed in the physical aperture, wherein the
material facilitates the passage of at least one of the
wireless response signals, the wireless power signals, or
the wireless data collection signals through the radio
frequency window.

11. The method of claim 10, wherein the sensor unit com-
prises a sensor; an antenna system physically connected to the
sensor, wherein the antenna system is configured to send and
receive wireless signals; an energy harvesting device config-
ured to derive energy from the wireless signals received; and
a controller configured to control the sensor to make a mea-
surement, save the measurement as the sensor data, and send
the sensor data in the wireless signals.
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